Leptospires are currently considered to consist of at least three morphologically distinct structures: (i) a spiraling plrotolplasmic cylinder,
(ii) a homogeneous axial filament (axistyle, achsenfaden) generally ly3ing, external to the cylinder and terminating near the ends of the organism with a knob-like process, and (iii) a membranous sheath enveloping the organism.
G-ranular protrusions of the protoplasmic cylinder, particularly at the cell extiemities, have frequently been reported (Jacob, 1947; Czechalowski andl Eaves, 1954; Swain, 1955; Parnas et al., 1958; Varpholomeeva and Stanislavsky, 1958) . In thin sections, the protoplasmic cylinder appears tubular (B3abudieri, 1959; Simpson and White, 1961) and contains osmophilic granules (AMiller and Wilson, 1962) .
Metal shadow-cast prleparations of osmium-"fixed" organisms show that the enveloping sheath follows closelv-the contours of the protoplasmic cylinder (B3abudieri, 1948 , 1949 AIlbert, 1955) . Nongranular bulbous swellinogs of the sheath hav-e been observed (Kirschner, AMaguire, and l3ertaud, 1957; Simpson and White, 1961) .
Washing the organisms with distilled water oI physiological saline readily removes the sheath (Takeya, MIori, and Toda, 1957) .
Presence of an apparently sinole homogeneous axial filament in several strains of leptospires was shoNwn by B3abudieri (1948, 1949 ) and l3reese, G-ochenour and Yaoer (1952) . The lpossibility of a multistranded structure of the axial filament Nas suggested by Mdlbert (1955) . Recent experiments with trypsin digestion of "isolated axistyles" have been interpreted as evidence for a two-stranded axial filament in Leptospira canicola and L. icterohaemorrhagiae (Czechalowski, 1963 ). The axial filament terminal knob has been described by Czechalowski and Eaxves (1955) in shadowed )reparations of deoxycholatelysed organisms. Miller and Wgilson (1962) confirnmed its presence in thin-sectioned preparations.
Extensiv-e rev-iews of the morphology of the leptospires have been published (Noguchi, 1928; Thiel, 1948; B3abudieri, 1958 as revealed in whole-cell mounts of "negatively stained" organisms.
MATERIALS AND METHODS L. pomona was grown in an Oleic-Albumin Complex Medium, which is described in detail elsewhere (Ellinghausen and McCullough, Amer. J. Vet. Res., in press). Liquid cultures were subcultured at 3-day intervals. In most instances, the cultures examined were 48 to 72 hr old, and had a cell count of between 120 and 180 X 106 cells per milliliter. Growth curves were followed before and after sampling for electron microscopy. Where phosphate-lysed organisms were employed, the culture was sedimented, washed three times by centrifugation from sterile phosphate buffer (pH 7.0), and then incubated at 29 C in fresh sterile phosphate buffer.
Potassium phosphotungstate negative-stained whole-cell mounts were prepared according to three procedures. Most preparations were made by minor modification of the frozen-suspension sectioning method Howatson, 1962, 1963) . Modification consisted of collecting a few sections (4 to 6 i thick) of frozen-cell suspensions directly onto carbon-coated collodion-filmed grids and thawing in situ. After thawing, a droplet of 2 to 4% aqueous potassium phosphotungstate (pH 6.7 to 7.2) was applied for 0.5 to 1 min and withdrawn slowly with a torn edge of paper toweling. Other preparations were made by simple gravity sedimentation from mixtures of cell suspension and phosphotungstate, followed by withdrawal of the droplet with paper toweling as above. Currently, a more uniform dispersion of the organisms in a thin film of phosphotungstate is achieved by the "loop-film" technique recently described (Murray, 1963) . In each case, the cell mounts were examined immediately in a Philips EM 200 electron microscope at 80 kv by use of double condenser illumination.
For comparative purposes, organisms were prepared for thin sectioning by methods similar to those described previously (Kellenberger, Ryter, and S6chaud, 1958; Kushida, 1961 (Millonig, 1961) .
RESULTS
Organisms prepared by any.of the three wholecell mounting techniques exhibited similari morphological detail. Few cells were cut during microtomy when sections of the frozen suspensions were taken-atA thickness settings of 4 to 6 I as recommended by Howatson (1962, 1963) . A distinct halo bordering many of the mounted cells resulted from dissolution of the collodion support film by substances associated with the enveloping sheath.
Typical cells of the logarithmic phase of growth appeared turgid and displayed a homogeneous finely granular appearance with a minimum of internal detail (Fig. 1) . Each organism, however, exhibited a characteristic morphological conformation and pattern of electron scatter which readily distinguished it from all other organisms in a sample. This was most apparent when interna-l structural details were resolved, e.g., the middle portion of the protoplasmic cylinder of many cells was mottled (Fig. 2) . The design and extent of this mottling were variable. Some organisms displayed localized simple lamellar structures (Fig. 3) , and others contained extensive regions of complex lamellar formation (Fig. 4) . Individual membranous elements within these lamellar structures were 20 to 30 A thick. Occasionally, in aged or degenerating cells, the protoplasmic cylinder was seen as a series of striated arrays (Fig. 5) .
Tubular construction of the protoplasmic cylinder was not evident in organisms examined in phosphotungstate negative stain. For embedded cells, a triple-layered membrane bounded the cytoplasm giving it a tubular appearance. The cytoplasm was generally lucid and contained a fibrillar network whose fibers were less than 20 A in diameter ( Fig. 6 and 7 ). This network was presumed to represent the cell's nuclear apparatus and frequently was located eccentrically (Fig. 7) .
In thin sections, the enveloping sheath appeared as a triple-layered membrane of dimensions similar to that of the cytoplasmic membrane, i.e., less than 50 A. The osmophilic layers of both membranes were minutely beaded.
The axial filament of embedded cells was found to lie in a clear space between the enveloping sheath and the cytoplasmic membrane. It was occasionally seen in close apposition to either the sheath or the cytoplasmic membrane. In accurately transverse sections, its overall diameter was about 120 A, and it appeared as a bundle of fibers. Examination of extreme enlargements (inset of Fig. 7 ) suggested that its periphery was composed of 8 to 10 fibers and the central region contained 4 or 5. Individual fiber strands were less than 25 A in diameter, and exhibited no obvious differences as a result of-position within the axial filament.
Polar differentiation of the negatively stained organisms generally appeared only as subtle differences in the configuration of their hooked ends. Occasionally, one terminus of a cell ap- (Fig. 8 and   9 ). These conformations revealed that the termini were highly ordered anatomical structures and were attached to the protoplasmic cylinder by a narrow separable membrane system. When organisms were allowed to autolyze overnight in neutral phosphate buffer, most of the protoplasmic mass was removed, permitting a clear demonstration of this feature ( Fig. 10 and 11 ).
Each terminal organ contained a single axial filament terminal knob or basal granule. This was most readily determined in autolyzed cells ( Fig. 10 and 11) , although the terminal knobs were frequently evident in intact organisms (Fig. 4, 8, 9, 13, 16, and 18) . Lamellar structures were not observed wvithin these terminal organs. Frequently, however, lamellar bodies were localized within the protoplasmic cylinder immediately adjacent to the membrane system which separated it from the terminal organ (Fig. 13) . On a few org,anisms, a callouslike superficial mass was present in the region of a terminal organ. These masses displayed a double-looped or bow-knot appearance, and overlapped the membranes separating the protol)lasmic cylinder and the terminal organ ( Fig. 9 and 13) .
The organisms exhibited two independent axial filaments, each with a single terminal knob, originating at opposite ends of the cell from the terminal organs noted above. In all cells examined, the axial filaments were anchored at only one point, i.e., at the terminal knob, and were free-lying along the protoplasmic cylinder (Fig. 4 and unpublished micrographs) . Distal ends of the axial filaments were unstructured.
The filaments appeared as homogeneous sinole strands, 100 to 120 A in diameter (Fig. 4 , 10, and 11). Even after overnight autolysis to liberate the axial filaments from the sheath, they exhibited no tendency to become splayed. Occasionally, a short segment of a released filament appeared flattened to about twice its normal diameter. Bifurcation of the axial filaments was not observed, and examination of numerous filaments in the negatively stained preparations failed to indicate more than a single strand within them. In young organisms, the dual filaments entwined common segments of the protoplasmic cylinder alonog most of its length. In older organisms, the protoplasmic cylinder mid-region was devoid of any entwining axial filaments. In the latter, only a few coils of the cylinder near a terminal organ were braided with the single filament originating at that extremity of the cell. Absence of axial filaments in a portion of the protoplasmic cylinder did not appear to alter its natural coiled configuration.
The organism's enveloping sheath, usually closely applied to the exterior surface of the protoplasmic cylinder, was frequently seen distended, forming blebs. Protoplasmic infiltration into the blebs was rarely seen. iSmall blebs wvere randomly positioned along the organism (Fig.  12) , wvhereas large ones were usually located near the hooked ends of the cell or at a point miiidway along the cylinder (Fig. 14) . The larger blebs were often associated with an internal lamellar structure (Fig. 13) . We noted that in degenerated cells, when cytoplasmic mass was virtually absent, the blebs did not appear as discontinuities in the sheath, but as integral parts of it (utnpublished rnicrographs).
Various stages of transverse binary fission were observed. Initiation of construction of a septal wvall was seen as an invagination of the menmbrane system bounding the protoplasmic cylinder (Fig. 15) . Although presence of a septal wall was readily seen, fine structural detail within this region (200 to 400 A) was masked by the phosphotungstate (Fig. 16, 17 , and 18). Septa were always observed at the midpoint along the cylinder. Lamellar structures were absent in the vicinity of the septal wall. Terminal knobs of axial filaments of sister cells were prominently displayed near the septal w all (Fig. 16 ). These terminal knobs appeared to consist of two concentric bands of structural mass. Sister cells wvere generally similar (Fig. 17) , although somlle were markedly different in anatomical detail (Fig. 18) --_ ' ' V. ,5
FIG. 17. Leptospira pomona in potassium phosphotungstate negative stain. Unseparated sister cells showing similarity of appearance. Septal-wall region (s) is circumscribed and shown at higher magnification below. The negative stain is seen in puddles along the periphery of the organisms presumably the result of insufficient spreading. Magnifications, 20,000 and 150,OOOX, respectively. FIG. 18. Leptospira pomona in potassium phosphotungstate negative stain. Unseparated sister cells of dissimilar electron scattering patterns. Septal-wall region (s) is circumscribed and shown at higher magnification below. Magnifications, 15,000 and 120,OOOX, respectively. special attention to its "endkorn" and reco-nized it as distinct from the protoplasmic cylinder.
Although the termini have long been associated with the multifarious motions exhibited by the leptospires (Haendel, Ungermann, and Jaenisch, 1918) , the mechanism of their participation in this role is still unknown. Weibull (1960) (Ryter and Pillot, 1963) and the oral spirochetes, Treponema microdentium and Borrelia vincentii (Bladen and Hampp, 1964 (Ryter and lillot, 1963 Swain's (1955) observation of "encysted spirochaetes"; however, in our study there was no evidence of protoplasmic infiltration into the large blebs. MIartin, Pettit, and Vaudremer (1917) noted similarly positioned refringent "spherules" in dark-field examination of L. icterohaemorrhagiae.
Although nuclear-mass transfer could not be demonstrated by the techniques used, our observations indicate that transverse binary fission is the predominant method of reproduction of L. pomona. Support for this concept is found in the various stages of septal-wall formation observed, and in a correlation of their frequency of occurrence with the number of "hinged" organisms observed in dark-field microscopy.
Bilateral symmetry of the leptospires, particularly with respect to their axial filament(s), is a necessary condition for transverse binary fission, as pointed out most recently by Czechalowski (1963) . Our observation of dual axial filaments, each with a single terminal knob, appears to satisfy this condition.
